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ROM THE GENOME TO THE PHENOME AND BACK: LINKING
ENES WITH HUMAN BRAIN FUNCTION AND STRUCTURE USING

ENETICALLY INFORMED NEUROIMAGING
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bstract—In recent years, an array of brain mapping tech-
iques has been successfully employed to link individual
ifferences in circuit function or structure in the living human
rain with individual variations in the human genome. Sev-
ral proof-of-principle studies provided converging evidence
hat brain imaging can establish important links between
enes and behaviour. The overarching goal is to use genet-

cally informed brain imaging to pinpoint neurobiological
echanisms that contribute to behavioural intermediate phe-

otypes or disease states. This special issue on “Linking
enes to Brain Function in Health and Disease” provides an
verview over how the “imaging genetics” approach is cur-
ently applied in the various fields of systems neuroscience
o reveal the genetic underpinnings of complex behaviours
nd brain diseases. While the rapidly emerging field of imag-

ng genetics holds great promise, the integration of genetic
nd neuroimaging data also poses major methodological and
onceptual challenges. Therefore, this special issue also fo-
uses on how these challenges can be met to fully exploit the
ynergism of genetically informed brain imaging. © 2009
ublished by Elsevier Ltd on behalf of IBRO.

ey words: brain mapping, genome, imaging genetics, neu-
oimaging, phenomics.

he marked advances in molecular genetics and neuroim-
ging have greatly facilitated experimental strategies that

ntegrate molecular genetics and human brain mapping
i.e., imaging genetics) (Meyer-Lindenberg and Wein-
erger, 2006). The central motivation behind imaging ge-
etics is to link individual variations in the human genome

o structural and functional variation in brain systems
Hariri, 2009). A wide range of brain mapping techniques is
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-mail address: hartwig.siebner@drcmr.dk (H. R. Siebner).
bbreviations: COMT, catechol-O-methyltransferase gene; DAT, do-
amine transporter gene; fMRI, functional magnetic resonance imag-
f
ng; MRI, magnetic resonance imaging; PD, Parkinson’s disease;
NP, single nucleotide polymorphism.
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vailable to pinpoint variations in brain function or structure
hat are associated with a distinct genotype including func-
ional magnetic resonance imaging (fMRI), structural mag-
etic resonance imaging (MRI), electroencephalography,
nd positron emission tomography (PET) of brain metab-
lism or neurotransmission. The blood oxygen level de-
endent (BOLD) MRI method has had particular success
s a sensitive means of detecting genotype specific differ-
nces in temporal–spatial patterns of brain activity (Hariri,
009). These studies provided proof of principle that brain
apping can narrow the gaps in the causal chain from a
iven genetic variation to behaviour.

The present special issue provides an overview about
ow the “imaging genetics” approach can be applied to
tudy how genetic variations in the human genome con-
ribute to complex behaviours and brain diseases. This
pecial issue reviews recent advances in the field and also

dentifies important methodological and conceptual chal-
enges that remain unresolved.

HOW TO CAPTURE THE PHENOTYPE?

ecent years have witnessed a shift in focus from genom-
cs to phenomics (i.e., the systematic study of phenotypes
n a genome-wide scale). This shift was mainly prompted
y the failure of genetic linkage and association studies to
roduce reliable or replicable linkage or association find-

ngs to the clinical phenotypes, like bipolar disorder or
chizophrenia. The main reason for this is that clinically
efined phenotypes are highly variable and there are in-
erent diagnostic uncertainties (Gottesman and Gould,
003). The issue is further complicated by the likelihood
hat common brain diseases are likely composed of multi-
le etiologies appearing as a common clinical endpoint
Gottesman and Gould, 2003). At the same time, genetic
creening at a genome wide scale has become widely
vailable, and the costs of genotyping methods have mark-
dly decreased.

The question how to effectively define promising phe-
otypes is highly relevant to the field of imaging genetics.
n contrast to the relatively straightforward organized ge-
ome, the human phenome is a multidimensional search
pace with several neurobiological levels, spanning the
roteome, cellular systems (e.g., signaling pathways),
eural systems and cognitive and behavioural phenotypes
Fig. 1). In a clinical context, the definition of symptoms
nd syndromes adds to the phenomic complexity (Fig. 1).

In this issue, Bilder et al. (2009) develop a rational

ramework that facilitates prioritizing certain phenotypes. A
RO.

mailto:hartwig.siebner@drcmr.dk
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ritical aspect in this framework not addressed by Gottes-
an and Gould (2003) concerns amenability of a pheno-

ype for high throughput studies. This could be achieved
or cognitive phenotypes by advances in psychometric

ig. 1. A schematic framework for imaging genetics. Genetically inform
hich link genome and phenome as well as the considerable overlap
heory, but also by improved Internet-based assessment. p
owever, amenability for relatively high throughput pheno-
yping is certainly also an aspect to consider in future
maging genetics studies. To manage the complexity and
acilitate systematic phenotyping, Bilder et al. (2009) pro-

imaging needs to take into account the multiple neurobiological levels
ractions among neurobiological components at each level.
ed neuro
ose a multi-layer schema reflecting the relationship of the
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ifferent levels of inquiry and biological scales which have
o be integrated for a phenomics hypothesis. The chal-
enges in defining appropriate phenotypes are also ad-
ressed in another paper which discusses how to build
ulti-level phenotype models of memory and intelligence

Sabb et al., 2009).

NEUROETHICAL CHALLENGES

nother, highly relevant perspective on the rapidly growing
eld of imaging genetics is the ethical challenges that
ccompany the combination of such powerful and sensi-

ive approaches, i.e., neuroimaging and genetics in the
tudy of psychiatric and neurologic disorders. Tairyan and
lles (2009) argue that these ethical challenges call for an
xpanded “neuro-space” in which societal and ethical val-
es become closely and explicitly integrated with the new
cience. Crucial features of discriminative power within this
ew combined space concern the capacity to differentiate
henomena such as diseases. Cumulative power in the
roposed neuro-space depends upon the ability to gain
ore in depth information about the discriminated phe-
omena and by extension, associated ethical challenges.

HOW TO ASSESS GENETIC VARIATION AND
HEREDITABILITY?

major research theme in the field of imaging genetics is
o study how normal variations in the human genome are
ssociated with complex behavioural traits and how these
enetic variations modify the individual vulnerability to de-
elop neuropsychiatric disorders (Hariri, 2009). In this
ramework, the term “genetic variation” usually refers to
ommon variations in humans genes that exist in �1% of
he population and impact the function of neuronal signal-
ng pathways and brain circuits within the normal physio-
ogical range. This includes functional single nucleotide
olymorphisms (SNPs), interactions among multiple SNPs
genetic networks), epigenetic factors, as well as copy
umber variations (i.e., insertions, deletions or duplications
f relative large expansions of DNA). So far, imaging ge-
etics has mainly adopted a hypothesis-driven approach
ocusing on common functional SNPs in candidate genes.
enome-wide association studies (GWAS), now including

he identification of novel copy-number variants (CNVs),
nd closer examination of epigenetic regulation of expres-
ion (i.e., methylation) are being increasingly implemented
n the research strategies of imaging genetics. It should be
oted though that to date GWAS have been no more
roductive than genome-wide linkage studies revealing
ome hits (all of odds ratios �1.5) that are not being found
cross populations but not enough hits to explain complex

llnesses. This indicates that small contributions from mul-
iple genetic variants appear to be the rule rather than the
xception. To disentangle the genetic architecture of com-
lex behavioural traits and complex neuropsychiatric dis-
rders, hypothesis-free screening of the human genome
nd hypothesis-driven research on genetic variations in
andidate genes represent valid strategies providing com-

lementary information at different levels. t
Twin studies still represent the best approach to esti-
ate the relative contribution of genetic factors to a given
henotype over shared environmental factors. In this is-
ue, van’t Ent et al. (2009) elegantly use functional brain
maging to dissociate genetically- and environmentally-me-
iated aspects of brain circuit function. They studied brain
ctivity during a response interference task in monozygotic
wins highly concordant or discordant for scores on the
hild Behavior Check List attention problem scale where
igh scores are associated with the risk to develop atten-
ion deficit hyperactivity disorder. The use of between-
ubject comparison of high and low scoring concordant
wins enabled them to identify a neuroimaging trait of
ttentional problems with a genetic basis. In contrast, the
etween-subject comparison of task-related activity in
onozygotic twin pairs with discordant twin pairs allowed

hem to identify neuroimaging correlates of attentional
roblems attributed to environmental factors.

AN INTERACTIVE FRAMEWORK: GENE–GENE
AND GENE–ENVIRONMENT INTERACTIONS

everal seminal studies have provided converging evi-
ence that neuroimaging of individuals with a functional
enetic polymorphism in a single candidate gene can offer

mportant insights into the impact of that gene on brain
ircuit function and structure in healthy individuals (Hariri,
009). This approach continues to provide important links
etween specific genes and behavioural phenotypes. In
his issue, Dickinson and Elvevag (2009) review how the
alance of dopamine in prefrontal cortex and related infor-
ation processing is influenced by a functional Val158Met

olymorphism in the catechol-O-methyltransferase (COMT)
ene. Additionally, Frank and Hutchison (2009) present
ehavioural data showing that several striatal D2 receptor
olymorphisms impact probabilistic avoidance learning.
acubian and Büchel (2009) review the known genetic
ontributions to individual differences in reward processing
nd their link to addictive behaviour and social cognition.
hey refer to their recent work on epistatic interactions
etween two widely studied functional polymorphisms in
he dopamine transporter (DAT) gene and COMT. Using
MRI, Yacubian and Büchel (2009) found that neuronal
ctivity in the ventral striatum was influenced by distinct
ombinations of the DAT and COMT genotype, emphasiz-

ng the relevance of functional gene–gene interactions in
enetic studies on reward processing. This notion is further
orroborated in the paper by Hall et al. (2009) summarizing
he effects of gene knockout (KO) of the DAT, the seroto-
in transporter and the norepinephrine transporter in KO
ice on the behavioural effects of cocaine during condi-

ioned locomotion. While the results confirm the central
ole of dopamine and DAT in the behavioural effects of
ocaine, they also stress the polygenic basis of cocaine-
ediated behaviour and the non-unitary nature of drug

eward mechanisms. The issue of gene–gene interactions
onsiderably adds to the complexity of imaging genetics.
ene–gene interactions pertain not only to genetic varia-
ions of different genes affecting the same or interacting
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ellular pathways but may also occur in the presence of
ultiple functional variants in the same gene.

Similar to gene–gene interactions, gene–environmen-
al interactions need to be taken into account in genetically
nformed neuroimaging studies. Presenting their work on a
ommon functional polymorphism in the brain-derived neu-
otrophic factor (BDNF) gene, Casey et al. (2009) show
enetic and environmental loadings on intermediate neu-
oimaging and behavioural phenotypes across develop-
ent. They provide converging evidence that gene- and
nvironment-related alterations in BDNF levels affect be-
avioural and neuroanatomical changes that evolve over
ime. Moreover, they propose that development trajecto-
ies may present new intermediate imaging phenotypes
hemselves. The importance of developmental aspects is
lso stressed in the contribution by Brocki et al. (2009) that

ocuses on developmental aspects in the genetic pathways
f executive attention in the anterior cingulate cortex.
long the same lines, the contribution by Voelker et al.

2009) shows that parenting quality in early development
odulates the genetic influence mediated by variations in
OMT gene on attention.

COMPLEX BEHAVIOURAL TRAITS AND
ASSOCIATED NEUROPSYCHIATRIC

DISORDERS

he genetic study of complex behavioural traits continues
o mature along with that of complex neuropsychiatric dis-
rders. In this issue, a series of papers discuss the genetic
ontributions to complex behavioural traits, such as emo-
ional regulation (Canli et al., 2009), anxiety (Norrholm and
essler, 2009), executive attention (Brocki et al., 2009),
ain processing (Ritter and Bingel, 2009) or motor control
Cheeran et al., 2009) with links to related disorders. Other
ontributions adopt a clearly clinical perspective with a
rimary focus on a wide range of complex neuropsychiatric
iseases, including Alzheimer’s disease (Reitz and May-
ux, 2009), major depressive disorder (Savitz and Drevets,
009), bipolar disorder (Barnett and Smoller, 2009),
chizophrenia (Bertolino and Blasi, 2009), attention deficit
yperactivity disorder (Plomp et al., 2009), autism spec-
rum disorders (Piggot et al., 2009), or epileptic syndromes
Siniatchkin and Koepp, 2009).

A concept central to all these lines of research entails
he use of brain imaging to define intermediate phenotypes
n living humans (Gottesman and Gould, 2003). These
ntermediate imaging phenotypes are state-independent
ereditable traits providing quantitative measures of spe-
ific neurobiological mechanisms, for instance the tempo-
al–spatial distribution of task-related neuronal activity
ithin specific brain circuits. Compared to behavioural or
yndromal phenotypes, intermediate imaging phenotypes
ay offer better mechanistic insights into how neural sys-

ems are affected by genetic variants and how this contrib-
tes to the emergence of neuropsychiatric disorders by
irtue of their presumed closer proximity to gene expres-
ion. This special issue contains many illustrative exam-

les for the diversity of structural, functional, and metabolic H
rain mapping methods that are currently applied to delin-
ate intermediate imaging phenotypes (Reitz and Mayeux,
009; Ritter and Bingel, 2009; Savitz and Drevets, 2009).
epending on the imaging modality, the intermediate im-
ging phenotype may indicate a genetic influence on re-
ional variation in brain structure, on the distribution of
euronal activity or on distinct metabolic processes such
s neuroreceptor function. Ultimately, intermediate imag-

ng phenotypes from several imaging modalities need to be
ombined to fully capture the impact of genetic risk vari-
nts on different neurobiological aspects of brain function
nd structure, for instance by combining PET of regional
eurotransmission with BOLD fMRI during an experimen-
al task (Heinz et al., 2003). Although such a strategy
equires substantial resources and poses methodological
hallenges, multimodal phenotyping may be more reveal-

ng given the multiple mechanistic links between genotype
nd phenotype (Meyer-Lindenberg et al., 2005).

NEUROIMAGING IN MONOGENIC
NEUROPSYCHIATRIC DISORDERS

n equally important neuroimaging-genetics approach
akes a more clinical perspective focusing on specific neu-
ogenetic disorders. Brain imaging of individuals carrying a
utation associated with a neurogenetic syndrome pro-

ides a unique opportunity to link a specific genetic alter-
tion to aberrant brain structure, thereby narrowing the gap
etween basic genetic research and a pathological or clin-

cal understanding of these diseases. In the last decade,
he number of genetic alterations that have been identified
o cause hereditary neuropsychiatric disorders has dra-
atically increased, although this has not extended as of

et to the more common diseases of complex heritability.
urthermore, molecular and cellular neurobiology has pro-
uced a steadily growing wealth of knowledge about the
olecular and cellular function of the affected genes and
ow these functions are altered by the mutation. This
enders the task of linking genes to brain function and
ehaviour more straightforward for genes harbouring dis-
ase-causing mutations than for genes harbouring func-
ional variants. In this issue, Walter et al. (2009) argue for
ombined analyses of multimodal neuroimaging data
cross neurogenetic conditions to delineate common or-
anizing principles in development. They illustrate this
oint by reviewing the behavioural and neuroimaging stud-

es of visuospatial processing abilities in Williams, Fragile
, Turner and velocardiofacial syndromes. These studies

evealed a shared set of deficits in visuospatial processing
cross these neurogenetically heterogeneous syndromes,
uggesting a common pathophysiological link.

Three contributions in this special issue highlight the
otential of imaging genetics in hereditable movement dis-
rders of monogenic origins. Huntington’s disease is an
utosomal dominant neurodegenerative disorder caused
y a CAG repeat expansion in the gene encoding the
rotein huntingtin. The contribution by Klöppel et al. (2009)
ummarizes recent structural and functional MRI studies in

untington’s disease. In Huntington’s disease, there is a
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eed to monitor the effects of neurodegeneration in indi-
iduals over time to evaluate degeneration-modifying treat-
ents. Klöppel et al. (2009) discuss the potential role of

tructural MRI as a biomarker of disease progression for
linical therapeutic trials. Here, MRI could be used to strat-
fy affected individuals by the degree of caudate atrophy,
specially in the pre-symptomatic stage, resulting in more
omogeneous populations. Carbon and Eidelberg (2009)
eview the use of multimodal neuroimaging in individuals
ith mutations in the DYT1 or DYT6 gene. Mutations in
oth genes are associated with autosomal dominant dys-
onia. Clinical penetrance is incomplete in both conditions.
euroimaging of manifesting and non-manifesting muta-

ion carriers provides valuable pathophysiological links be-
ween gene carrier status and clinical penetrance by iden-
ifying genotype-related (penetrance-independent) neuro-
maging traits and phenotype-specific (penetrance-related)
hanges in brain function and structure (Carbon and Ei-
elberg, 2009). Another promising area of imaging genet-

cs in the field of movement disorders has been fuelled by
he discovery of mutations in single genes that can cause
utosomal dominant or recessive Parkinson’s disease
PD). In this issue, van der Vegt et al. (2009) review how
ultimodal neuroimaging of individuals carrying a mutation

n one of these PD-associated genes can be used to tap
nto the pathogenesis of parkinsonism. In particular, they
how that neuroimaging research in non-manifesting mu-
ation carriers can identify mechanisms of adaptive reor-
anization in the preclinical stage of PD. They also sum-
arize recent work that has started to explore how func-

ional SNPs in the dopaminergic signaling pathway impact
n dopamine related cognitive processing and its modifi-
ation by dopaminergic therapy in PD.

CONCLUSIONS AND OUTLOOK

s outlined above, a strong focus on advancing phenomics is
eeded to develop more sophisticated and appropriate meth-
ds to assay the phenotypes of interest (Bilder et al., 2009).

t is clear that many traits may vary over time and this in turn
ould be subject to genetic regulation in addition to environ-
ental factors (Bougnères, 2003). These dynamics of imag-

ng phenotypes can only be captured in longitudinal studies
ith repeated imaging sessions so that we do not miss im-
ortant modifying effects of time on genetic association. For
xample, the maturation trajectory of the corticospinal tract, a

earning-related change in brain activity during the acquisition
f a manual skill or a disease-related expression of a meta-
olic network may be considered as state-sensitive imaging
henotypes (Carbon and Eidelberg, 2009; Cheeran et al.,
009). Neither can we ignore mapping the dynamics of state-
ensitive phenotypes in imaging genetics. First, while genetic
tudies often deal with lifelong aberrations of expression or
unction, patients are treated in real time and it is these
hanges in state that often drive drug development (e.g.,
ymptomatic control of psychosis or reduction in frequency of
epression) and rehabilitation protocols. For example, it
ould be wise to understand the relationships between traits

nder study and states we wish to manipulate clinically. While p
liminating those state phenotypes ill-suited for genetic study,
e might uncover in these state-trait relationships previously
bscured phenomena linked to specific neurobiological
echanisms such as maturation or activity-driven plasticity
hich are likely to have genetically-driven components.
oreover, state-trait relationships and distinctions will be im-
ortant to the still maturing field of identifying quantifiable
ene–environment-interactions. For instance, variations in

he state–trait relationships between imaging factors may
ncover the genetic and environmental vulnerability (or resil-

ence) to complex neuropsychiatric disorders.
State-dependent imaging phenotypes can be studied

sing a perturb-and-measure-approach (Cheeran et al.,
009; Savitz and Drevets, 2009). A wide range of “pertur-
ations” are at hands to experimentally change the state of
he brain and uncover phenotypic state-dependency, com-
rising pharmacological challenges, behavioural interven-
ions (e.g., placing individuals under stress, ask them to
ractice a learning task for a prolonged period) or inter-
entional neurostimulation (e.g. deep brain stimulation,
ortical stimulation). However, the perturb-and-measure-
pproach is more costly and time-consuming, limiting its

arge-scale application in sufficiently large populations.
The ongoing advances in neurogenetics will have a major

mpact on future study designs in the field of imaging genet-
cs. New analytic methods and declining costs will prompt the
se of finer grained methods to map the human genome,

ncluding the detection of rare variants and copy number
ariations. This will require even larger sample sizes to detect
obust genetic associations with complex multi-level pheno-
ypes (Bilder et al., 2009). Concurrently, this will pose unprec-
dented challenges for computational neuroscience. New
euroinformatics tools will have to be developed that can

nterrogate the highly multi-dimensional datasets acquired at
ultiple biological scales and can sufficiently capture the
normous genomic and phenomic complexity.

Another challenge is to further develop epigenomics to
larify the contribution of epigenetic factors to individual
ariations in complex phenotypes beyond variance ex-
lained by genomic data (Bilder et al., 2009). Epigenetic

nheritance refers to the regulated pattern of gene expres-
ion inherited from one or the other parent to their offspring

ndependent of DNA informational content.
Finally, it will be crucial to implement animal models in

he research strategy (Casey et al., 2009; Klöppel et al.,
009). Imaging genetics in humans greatly benefits from
arallel research in genetic mouse models that mimic the
uman polymorphism, making a strong case for research
hat “moves back and forth between the human and the
ouse” (Casey et al., 2009; Klöppel et al., 2009). This

ertical research strategy operates top down in humans,
rom the level of syndromes through symptoms and imag-
ng phenotypes to neural systems, and bottom-up in mice
y establishing new transgenic models and examining the
ffects of the genetic manipulations on molecular expres-
ion, cellular signaling pathways, and neural systems
Bilder et al., 2009).

In summary, advances in neuroimaging and genomics

rovide an unprecedented opportunity to unravel the neu-
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obiological mechanisms underlying neuropsychiatric dis-
ases and normal variation in cognition and behaviour.
his issue illustrates recent advances, challenges and im-
lications of linking genetic variance to structural and func-

ional variation in human brain systems. It is safe to state
hat the synergism of integrating genetics with brain imag-
ng will dramatically change our understanding of human
rain function in health and disease. However, the emerg-

ng field of imaging genetics in humans faces manifold
nter-disciplinary challenges which have to be met to fully
ealize its synergistic potential.

cknowledgments—We wish to thank Tanja Kassuba (Danish
esearch Centre for Magnetic Resonance, Hvidovre Hospital,
openhagen University, Denmark) for designing the figure.
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